With the aim of minimizing the loss of platinum into slags by controlling the slag composition during the high-temperature recycling process, the effects of representative slag components, namely, Al 2 O 3 , MgO, Fe 2 O 3 , and CuO x , on the dissolution behavior of platinum into Na 2 OSiO 2 -based slags were investigated. The solubility of platinum in the slags was measured by equilibrating the Na 2 OSiO 2 -based slags with pure solid platinum at 1473 K in air. The dissolution of platinum in the slags was found to be suppressed by the addition of Al 2 O 3 , MgO, and Fe 2 O 3 . Al 2 O 3 and Fe 2 O 3 behaved as acidic oxides, whereas MgO behaved as a diluent and decreased the solubility of platinum in the slags. CuO x behaved as a weakly basic oxide and slightly enhanced the dissolution of platinum into the slags. The correlation between the platinate capacity of the slag, which is a parameter proposed in this paper, and the optical basicity enabled the content of platinum in slags at 1473 K to be estimated from the slag composition.
Introduction
Platinum is indispensable for a number of specialized applications, for example, as a catalyst for decomposition of toxic gases in automobiles, as a highly corrosion-resistant container for molten glass, and as an electrical contact material in electronic devices. Thus, the worldwide scarcity and high price of platinum make the recycling of platinum essential nowadays. 1) The use of liquid copper or liquid iron as a collector metal has been one of the major methods for the recovery of platinum from scraps. 24) In this process, the platinum in the scraps is collected by the collector metal after the scraps are melted with fluxes and the collector metal in a reducing atmosphere. In order to obtain a platinum-rich alloy as a product, the collector metal is partly removed into slags by oxidation. Theoretically, platinum is stable as a metal at high temperature. However, the loss of platinum into slags during oxidation in a highly oxidizing atmosphere is a critical problem. Therefore, the process conditions must be controlled to minimize the loss of platinum into slags.
In the recycling process, the composition of the slags depends on the compositions of the scraps, fluxes, and the oxidized collector metal. Spent automobile catalysts have been the main materials recycled for platinum, so MgO, Al 2 O 3 , and SiO 2 from the honeycomb structure (i.e., cordierite, 2MgO·Al 2 O 3 ·5SiO 2 ) in the catalysts are often the major components in the slags. Moreover, because of the oxidation of the liquid collector metal (i.e., iron or copper), the content of Fe 2 O 3 or copper oxides (CuO x ) in the slags can be relatively high in an oxidizing atmosphere.
Previously, Nakamura and Sano 5) reported that the solubility of platinum in BaOSiO 2 , Na 2 OSiO 2 , and CaO SiO 2 binary slags under an air atmosphere increased with increasing slag basicity. Baba and Yamaguchi 6) suggested that when copperplatinum liquid alloys are in equilibrium with FeO x SiO 2 slag at 1573 K at oxygen partial pressures ( p O 2 ) ranging from 10 ¹9 to 10 ¹6 atm, the solubility of platinum increases with increasing copper content in the slags. Furthermore, in our previous study, it was found that the solubility of rhodium, one of the platinum-group metals, in Na 2 OSiO 2 -based slags at 1473 K and at a p O 2 of 0.21 atm was decreased by the addition of Al 2 O 3 and MgO into the slags, but instead remained constant when the content of CuO x was increased. 7) According to these previous investigations, the dissolution of platinum into slags is apparently influenced by the slag composition, therefore minimization of the platinum loss into slags by controlling the slag composition is feasible.
In the present study, in order to design a slag composition for the recovery of platinum in an oxidizing atmosphere, the effects of the addition of Al 2 O 3 , MgO, Fe 2 O 3 , and CuO x on the dissolution behavior of platinum in the slags were examined.
Experimental Procedures

Equilibrium experiments
Slag samples were prepared by melting mixtures of reagent-grade Na 2 CO 3 , SiO 2 Fig. 1 .
The oxygen partial pressure in the system was controlled by flowing dried air through the system at a rate of 200 mL/min. CO 2 was removed from the gas stream by passing it through soda-lime. Moisture was removed from the gas by passing it through silica gel and magnesium perchlorate. The temperature was controlled with an accuracy of «1 K using a proportional-integral-derivative (PID) controller with a Pt/ 6%PtPt/30%Pt thermocouple.
The dissolution of iron and copper from the Na 2 OSiO 2 Fe 2 O 3 and Na 2 OSiO 2 CuO x slags into solid platinum was observed. In order to determine the iron and copper contents in the solid platinum in equilibrium with the slags, a piece of platinum wire (diameter 100 µm, purity ² 99.9%) was added into the slags. After equilibration, the samples were withdrawn from the furnace and quenched to room temperature by flushing them with Ar gas.
Chemical analysis
The platinum, sodium, aluminum, magnesium, iron, and copper contents in all slag samples and the iron and copper contents in the platinum wire were determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES). The Fe 2+ content in the Na 2 OSiO 2 Fe 2 O 3 slags was determined by titration with potassium dichromate. The silicon content in the slags was determined by the SiO 2 gravimetric method.
Raman spectroscopy
Raman spectra of the quenched slag samples were obtained at room temperature by a laser Raman spectrometer (Horiba T-64000) using the macro analysis method. All silicate slag samples were excited by an Ar ion laser (514.5 nm) operated at 300 mW.
Results and Discussion
The experimental results obtained on the dissolution of platinum in slags after equilibration are summarized in Table 1 . The iron and copper contents in the solid platinum equilibrated with the Na 2 OSiO 2 Fe 2 O 3 and Na 2 OSiO 2 CuO x slags are summarized in Table 2 .
Equilibration time
The equilibration time required for the dissolution of platinum into slags was determined first. The solubility of platinum in each slag system increased with time and became constant after 18 h (Fig. 2) . In the systems with the Na 2 O SiO 2 Fe 2 O 3 and Na 2 OSiO 2 CuO x slags, the iron and copper contents in the solid platinum also became steady after 18 h (Fig. 3) . Therefore, the equilibration times of all slag systems were assigned to be 18 h in this study. Fig. 4 . It was found that the solubility of platinum decreased when the and CuO x -bearing slags The dissolution of iron and copper from the slags into solid platinum causes a decrease in the activity of solid platinum from unity. Thus, instead of discussing the effects of the addition of oxides on the solubility of platinum in slags, its effect on the activity coefficient of platinum in the slags was investigated as follows.
Since platinum dissolves into slag as PtO 5) according to eq. (1), the activity coefficient of PtO in slags can be determined from eq. (2). 
Here, ÁG and p O 2 are the standard Gibbs energy for the reaction and oxygen partial. £ i , X i and a i are the activity coefficient at the Raoultian standard, mole fraction and activity of component i, respectively. MgO slags into solid platinum was observed. Therefore, the activity of solid platinum (a Pt ) in eq. (2) was assigned to unity. Meanwhile, because the amount of iron dissolved into the solid platinum was insignificant (<0.25 mol%), the activity of platinum in the PtFe solid alloys in equilibrium with the Na 2 OSiO 2 Fe 2 O 3 slags was assumed to obey Raoult's law. However, the content of copper dissolved into the solid platinum was high (³25 mol%). Therefore, the activity of platinum in the PtCu solid alloys was calculated from the activity-composition relations of the solid PtCu alloys at 1473 K.
9) The dependence of the activity coefficient of PtO on the Al 2 O 3 , MgO, Fe 2 O 3 , and CuO x contents in the slags is shown in Fig. 6 .
The activity coefficient of PtO sharply increased with increasing Al 2 O 3 content, slightly increased with increasing MgO and Fe 2 O 3 content, and remained constant with increasing CuO x content in the slags. on the dissolution of platinum into slags In order to understand the role of each oxide in the dissolution of platinum into slags, the effects of the addition of each oxide are discussed individually in this section.
Effects of Al 2 O 3 addition
It is generally known that Al 2 O 3 is amphoteric. It has been suggested that in the Na 2 OSiO 2 Al 2 O 3 melts, Na 2 O modifies the silicate network (eq. (3)) and Al 2 O 3 tends to be incorporated as a tetrahedral unit in the composition range of Al/Na <1 (eq. (4)).
10)
The Al 2 O 3 formed in the melts consumes Na 2 O to form NaAlO 4 units in the network, and the remaining Na 2 O is consumed to modify SiOSi and SiOAl bonds. In previous research, the changes in silicate structures when the Al 2 O 3 content in Na 2 OSiO 2 Al 2 O 3 ternary slags increased were determined by Raman spectroscopy. 11) These results suggested that the Al 3+ ions in the melts were incorporated into the SiO 4 4¹ tetrahedral structure. Figure 8(a) shows the dependence of the activity of Na 2 O in the Na 2 OSiO 2 Al 2 O 3 slags on the Al 2 O 3 content, where the standard state of Na 2 O was adjusted from that in the 40(mol%)Na 2 O60SiO 2 melt, which was reported in the previous study, to pure liquid Na 2 O. The behavior of the platinum in the slags as an acidic oxide is indicated by the decrease in solubility of platinum in the slags with decreasing Na 2 O activity in the Na 2 OSiO 2 Al 2 O 3 slags (Fig. 8) .
Accordingly, since the platinum dissolved into the slags as an acidic oxide anion, the consumption of the basic oxide by Al 2 O 3 , which behaves in the sodium metasilicate melts as a network former, suppresses the dissolution of platinum into the slags.
Effects of MgO addition
MgO is commonly considered to be a weakly basic oxide, especially when compared to Na 2 O and CaO. For example, the optical basicity ($) of Na 2 O is higher than that of MgO. Table 3 shows the optical basicity of various oxides.
1214)
The electrical conductivity of a more basic slag is higher than that of a less basic slag. For instance, the electrical conductivity of the Na 2 O·SiO 2 slag ($ = 0.70) was 3 ³ ¹1 cm ¹1 at 1773 K, whereas that of the MgO·SiO 2 slag ($ = 0.58) was 0.4 ³ ¹1 cm ¹1 at 1873 K. 13) The role of MgO as a basic oxide in the CaOSiO 2 MgO ternary slags was reported previously. The electrical conductivity in the CaO SiO 2 MgO melts increased when the MgO content in the slags increased at a fixed CaO/SiO 2 ratio. However, the electrical conductivity of the Na 2 OSiO 2 MgO slags decreased with increasing MgO content at a fixed Na 2 O/SiO 2 ratio.
15) The effect of MgO on the electrical conductivity in the Na 2 OSiO 2 MgO slags can be explained as follows. The parameters that influence the electrical conductivity of the slags include the concentration of the mobilized species, the charge, and the mobility of the ionic species. For the Na 2 O SiO 2 binary slags, when the Na 2 O content in the slag increased, that is, when the concentration and mobility of ionic species (e.g., Na + ) increased because of the looser network due to the higher amount of the network modifier, the electrical conductivity of the melts increased. In contrast, in the Na 2 OSiO 2 MgO slags at a constant Na 2 O/SiO 2 molar ratio of 1, the electrical conductivity of the slags decreased when the MgO content increased. Since MgO is less basic than Na 2 O, in this study, MgO behaved as a diluent of slag basicity in highly basic melts such as the Na 2 O·SiO 2 slags and suppressed the dissolution of platinum into the slags.
Effects of Fe 2 O 3 addition
The 
As shown in Fig. 7 , the addition of Fe 2 O 3 causes changes in the silicate structures in the sodium silicate melts. The Raman spectra of the Fe 2 O 3 -and Al 2 O 3 -bearing slags are similar to each other, except for some differences in the peak shapes at the Raman shifts lower than 950 cm ¹1 . In short, the addition of Fe 2 O 3 caused some changes in the silicate structures. Fe 2 O 3 behaved like an acidic oxide, partly consumed Na 2 O in the melts, and thus caused a decrease in the solubility of platinum in the slags.
Effects of CuO x addition
Cu 2 O was added into the sodium metasilicate slags in experiments. Because the critical oxygen partial pressure for the oxidation of Cu + to Cu 2+ oxide at 1473 K is higher than 1 atm, as calculated from eqs. (7) and (9) 
As for the behavior of the CuO x in the melts, the molar ratio of Cu + /Cu 2+ in the Na 2 OSiO 2 CuO x slags in air increased with increasing Na 2 O content.
19) The addition of CuO x did not influence the silicate structure, indicating that CuO x behaved as either a basic oxide or a diluent of slag basicity. If one assumes that the platinum dissolved into slags as a platinate anion, 5) the CuO x should behave as a weakly basic oxide in the sodium metasilicate melts and slightly enhance the dissolution of platinum into the slags.
Activities of Fe 2 O 3 and CuO x in the slags
In addition to the platinum dissolution behavior in the slags, the activities of iron (a Fe ) and copper (a Cu ) in the platinum alloys in equilibrium with Na 2 OSiO 2 slags were measured. Consequently, the activities of Fe 2 O 3 and Cu 2 O in the respective slags could be determined. Figure 9 shows the relationship between the Fe 2 O 3 content in slags and the Fe 2 O 3 activity relative to that of the pure solid Fe 2 O 3 standard state. It was found that the Fe 2 O 3 activity exhibited a large negative deviation from ideality.
From the activity-composition relation in the CuPt system at 1473 K, 9) the activities of CuO 0.5 and CuO relative to those of pure solid CuO 0.5 and pure solid CuO as the standard states could be determined from eqs. (8) and (10) . At a fixed Na 2 O/ SiO 2 ratio, the molar ratio of Cu 2+ to Cu + in the Na 2 OSiO 2 CuO x slags in air was reported to be constant at 0.9 regardless of the CuO x content. 19 ) Accordingly, in this study, it was assumed that the molar ratio of CuO 0.5 to CuO in the slags was 0.9.
The activity of CuO x in the slags is shown in Fig. 10 , and for comparison, the reported activity of CuO 0.5 in the Na 2 O SiO 2 Cu 2 O slags at 1573 K, which exhibited positive deviation from ideality, is shown together.
21) The activity of CuO 0.5 in the Na 2 OSiO 2 CuO x slags at 1473 K exhibits almost Raoultian behavior. Meanwhile, the activity of CuO in the Na 2 OSiO 2 CuO x slags exhibits a slight negative deviation from ideality. Because of this difference in the activity of CuO 0.5 in the Na 2 OSiO 2 slags, it is hypothesized that the increase in the CuO content in the slags results in a decrease in the activity of CuO 0.5 in the slags. be advantageous if the amount of the platinum loss into slags is predictable under controllable process conditions. It was previously proposed that the platinum group metal (such as ruthenium and rhodium) capacity of slags could be used to calculate of the possible platinum group metal contents in slags in which the thermodynamic properties of the metal are unknown. 22, 23) In the present study, the platinate capacity of the slags (C PtO 2 2À ) is defined as the capacity of the slags to hold platinum in the form of platinate ions (PtO 2 2¹ ), according to the following reaction for dissolution of platinum into slags proposed by Nakamura and Sano (1997 2À is the activity coefficient of the platinate ion in slags. In the same sense as the activity coefficient of a metal in slags, the platinate capacity is a specific property that indicates the behavior of platinum in slags under an oxidizing atmosphere when the standard state of the species of platinum in the slags is arbitrary. From eq. (14), accordingly, the possible platinum content in the slags at a particular temperature can be estimated from the platinate capacity, provided that the activity of platinum in the metal phase, slag composition, and oxygen partial pressure in the system are known.
Optical basicity has been widely used as a generic measure of slag basicity to correlate the capacities of slags with the slag composition. In order to calculate the platinum content in slags from a slag composition for which the thermodynamic properties of platinum are unknown, the calculated optical basicity ($ th ) can be employed to correlate the slag basicity with the platinate capacity of the slags.
Typically, the optical basicity of slags is calculated from eq. (15), where $ i is the optical basicity of the oxide i, n is the mole number of oxygen in the oxide, and X i is the mole fraction of the oxide in slags.
Originally, the optical basicity represented the power of an oxide to donate a negative charge. Therefore, for any slag system, the optical basicity of the slag is affected by the structural behavior of the slag, which includes the degree of polymerization of the network former (e.g., silicate anions), the nature of behavior of the network modifier (e.g., Na 2+ ), and the charge compensation behavior of the intermediate or amphoteric oxides (e.g., Al 2 O 3 and Fe 2 O 3 ). 24) Consequently, in the presence of intermediate oxides, the calculation of the optical basicity needs to take into account the fact that some of cations (network modifiers) in the slags can be consumed for charge compensation. Therefore, the "corrected optical basicity" ($ corr Fig. 11 . According to this figure, the platinate capacity of the slags increased with increasing optical basicity. The best fit to the correlation was found to be the linear relationship in eq. (16) .
For the recovery of platinum in an oxidizing atmosphere, it is expected that the slags will contain various oxide systems for which the thermodynamic properties of platinum are not known. Thus, in order to estimate the possible platinum content in the slags, we propose the use of the correlation between the platinate capacity and the calculated optical basicity. 
Conclusions
With the aim of minimizing the platinum loss into slags during the recovery of platinum in an oxidizing atmosphere, the effects of Al 2 O 3 , MgO, Fe 2 O 3 , and CuO x addition on the dissolution behavior of platinum in Na 2 O·SiO 2 -based slags in air ( p O 2 ¼ 0:21 atm) at 1473 K were investigated. The following findings were obtained.
( MgO is less basic than Na 2 O, and so it behaved as a diluent of slag basicity, resulting in an increment in the activity coefficient of PtO when the content of MgO increased. The activity coefficient of PtO in the CuO xbearing slags slightly decreased with increasing CuO x content, so it was deduced that copper oxides behaved as basic substances and weakly enhanced the dissolution of platinum into the slags. (2) The iron and copper in the Na 2 OSiO 2 Fe 2 O 3 and Na 2 OSiO 2 CuO x slags were found to dissolve into solid platinum and to decrease the activity of solid platinum in the system. (3) The platinate capacity was proposed as the capacity of the slags to hold platinum in the form of a platinate ions (PtO 2
2¹
), and was found to increase with increasing optical basicity of slags. A linear relationship was found to be the best-fit correlation between the platinate capacity and the calculated optical basicity. This correlation can be used to calculate the platinate capacity in multicomponent recycling slags. CaO-SiO 2 5) Fig. 11 Correlation between the platinate capacity and the calculated optical basicity.
